This paper presents a controller design of an inertial stabilization system and a target tracker for image optical sensor. The inertial stabilization system is a mechanism for controlling the inertial orientation of video camera which mounted on the aerial vehicle structure. The target tracker is an image processing technique for detecting targets in the video image from the optical sensor. The motion control of the camera system is divided into two parts; the first part is the real-time tracking targets in video sequences, the second part is a servo control system. We propose an object tracking algorithm using a CAMshift algorithm that finds the target position in the current frame. The motion of target position in the video sequence can be used as an input value for the servocontrol loop. The reference trajectory is generated by the target tracker. The gimbaled stabilization system must stabilize the line of sight toward a target against the external motion induced by air vehicle maneuvering and aerodynamic forces. The robust inverse dynamics control and acceleration feedforward for the pan-tilt unit would move the camera position in order to keep the target in the center of the camera image. The experimental results illustrate that the pan-tilt camera can automatically follow the moving target and record it. The control loop for the pan-tilt unit was developed that would send rate commands to move the camera position in order to keep the target in the center of the camera.
Introduction
In the motion control of the inertial stabilization system, the sources of uncertainties are inertia, damping friction, vehicle motion, structural flexure and disturbance torque. A Major problem in inertial stabilization systems is the rejection of disturbances associated with moving components and maintaining line of sight (LOS) position while disturbances and base motion, disturb the system. Several techniques can be employed for controlling the gimbal motion, such as a nonlinear induced disturbance rejection is purposed in, Adaptive Fuzzy PID controller for LOS stabilized system is purposed in [3] . Robust inverse dynamics and Sliding mode control with indirect line of sight stabilization are purposed in [2] . Feedback stabilization based on combination of the mass stabilization and measurements of inertial angular rates were surveyed in [1] . IEEE Control System Magazine, February 2008 issue, was published the interesting, and useful survey papers [4] [5] [6] on the technology for concepts, principles, designs, controller for inertial stabilization system and tracking dynamic targets.
In the literature of image tracking objects, most of the techniques used for this problem deal with a stationary camera or closed world representations which rely on a fixed background or a specific knowledge on the type of actions taking place. For tracking objects from moving platforms, Cohen [8] proposed the tracking of moving objects in a video stream by the dynamic template from a moving airborne platform. Bell et al. [9] asserted that their system is able to follow multiple objects in aerial video stream while maintaining the identity of each object. In [10] , the histogram back-projection permits to obtain a probability distribution image which is processed by the iterative CAMShift algorithm in order to find the maximum of the distribution. This paper focuses on the combined controller and visual tracking, the robust inverse dynamics control [7] with acceleration feedforward that takes advantage of robustness with respect to model uncertainties and disturbances, for stabilizing the servo loop. The image tracking system is based on the Continuously Adaptive Mean-shift (CAMshift) algorithm.
Dynamic Model of Inertial Stabilization ystem S
The inertial stabilization system consists of two outer joints and two inner joints. In Figure 1 , the payload is mounted at the center of the inner joints. These joints have a freedom to move a few degrees and will prevent high frequency rotational vibrations to reach the camera. These frames are kept at the center position by magnetic field, so that shock vibration will be damped out effectively. The outer joints consist of the azimuth axis and the elevation axis. Both axes are controller by DC Servo motors. Two encoders measure the pan and tilt angles for the both axes. The dynamic model of the inertial stabilization system can be written in the joint space, by using the Lagrange equation [2] . The equation of motion in matrix form can be written as:
In this expression, q is the vector of joint angles, () q D is the inertia matrix, ( , ) I is a member of row j and column k of moment of inertia of link i. 
The Controller Design
The block diagram of controller structure is shown in Figure 2 . The controller structure is divided into two parts, the outer loop and the inner loop. The outer loop (image tracking) has a goal, which is to hold or control the line of sight (LOS) of the inertial stabilization system relative to the target. The LOS is the center of the field of view (FOV) of a camera. This loop consists of an image processing and image position controller. The image processing is used to process the signal and find the pixel location of the target. The image position controller attempts to minimize the error between the center of the target and the center of the image. The PI control is used for this loop.
The servo control loop is the inner loop. From the dynamic model, we allow the model to be imprecise. Model imprecision come from actual uncertainty about the plant or neglecting structural model. The robust inverse dynamic control is selected for a feedback control system in order to move the gimbal according to a reference command ,, ddd. The reference command is generated from the image tracking part and unbalanced mass of the gimbal can also be compensated by acceleration feedforward action.
In Figure 2 , the image tracking loop will begin after the operator select a target object in an image from the camera by clicking the left mouse button. If there is any target detected, it will proceed to the tracking step using the CAMshift algorithm. Next, the current position of the target in the image is compared with the middle position of the image. By doing the scale translation, the current error can be used as an input value for the servo-control loop. And the servocontrol loop uses the corresponding value to vary the speed and direction of servo and thus making further positional adjustments.
The outer loop (image tracking)
In 2003, Allen et al. use an algorithm known as the CAMshift algorithm for object tracking [12] . The principle of the CAMshift algorithm is given in [10] [11] [12] . For each video frame, the raw image is converted to a color probability distribution image via a color histogram model of the color being tracked. The center and size of the color object are found via the CAMshift algorithm operating on the color probability image. These new center and size are employed to place the search window in the next image. This process is then repeated for a continuous target tracking in the video sequence.
The objective of our controller is to maintain the camera position in order to keep the target in the center of the camera image. The losing target is just a possibility if the target is on the side of image. In Figure 3 , the process of the CAMshift algorithm is as follows:
1. Capture a picture from each video frame. 2. Convert the raw image (RGB image) to the HSV image.
3. Initialize the size and location of the search window when the operator selects the target.
4. Distinguishes the target from the background by a histogram back-projection.
5. Calculate the color probability distribution within the search window.
6. Run Mean-Shift algorithm and get access to the new size (the width axis (w), the length axis (l) and the size (s)) and location (the position pixel (X, Y)) of the search window.
7. Use Kalman filter to find an estimate of the position of the target.
8. In the next frame of video images, initialize the size and location of the search window, and set the calculation region with the values obtained in step 6, 7.
9. Jump to step 4 to continue. Using the CAMshift algorithm, the target is tracked whilst it moves across the view of a video camera. At each frame, an estimated location of the target is made. This estimation is not likely to have a significant degree of inaccuracy. The reasons for this are many. They may include approximations in earlier processing stages, inaccuracies in the sensor, the apparent changing of shape, or issues arising from occlusion. We can think of all these inaccuracies, taken together, as simply adding noise to our tracking process.
The machinery for accomplishing the estimation task falls generally under the heading of estimators, with the Kalman filter being the most widely used technique. Thus, we choose the CAMshift algorithm and Kalman filter to find an estimate of the position of the target.
From the CAMshift algorithm, we know the pixel location of the target on each video frame. If we know the movement of the target in the image, we can generate the reference command of the pan-tilt camera. If the target moves in X axis (columns of pixels), the camera gimbal must be controlled to move in azimuth axis (pan the camera). Similarly, the target move in Y axis (rows of pixels), the camera gimbal must be control to move in pitch axis (tilt the camera).
The inner loop (servo control)
Our previous works in controller design, the robust inverse dynamics control and the line of sight (LOS) stabilization, are used for compensation of the nonlinearities, model uncertainties, and disturbances from environment. Although our mechanisms are carefully designed with statically balance, the system still has dynamic unbalance. The center of the gravity will shifted due to the configuration change during tracking and moving of the gimbal relative to a carrier. This will induce acceleration, forces due to mass unbalance of the gimbal. These effects will be classified as disturbance torque to the input and need to be suppressed. This disturbance torque can be eliminated by the angular and angular rate feedback but a better method can be revised. Since the acceleration of the moving platform, due to the disturbance torque, can be measured, a feedforward disturbance rejection can be generated to compensate the disturbance torque.
Consider unbalance mass system revolved around a central axis O, as shown in Figure 4 . The geometry is sketched for a single axis of rotation orthogonal to the direction of acceleration (the vertical direction). The unbalance is represented by an eccentric mass M E with eccentricity r E that is rotating with angle q. The case of an elevation joint is composed of both the gravitational g and the translational acceleration a Z . Force F E generated by the unbalance mass M E . Combined feedforward plus feedback control can significantly improve performance over simple feedback control whenever there is a major disturbance that can be measured before it affects the process output. In the most ideal situation, feedforward control can entirely eliminate the effect of the measured disturbance on the process output. Even when there are modeling errors, feedforward control can often reduce the effect of the measured disturbance on the output better than that achievable by feedback control alone.
In the motion control diagram as Figure 5 , the plant is driven by the combined feedforward plus feedback control. The feedback loop consists of a controller, two power amplifiers, a plant and inertial measurement sensor. The controller consists of robust inverse dynamics control and indirect line of sight stabilization. The feedforward is acceleration feedforward.
Robust nverse ynamics ontrol i d c
This system is a nonlinear multivariable system. 
In order to compensate for the uncertainties, the following input vector y is chosen:
The term w is an additional item to be designed to guarantee robustness to the effects of uncertainties described by in Eq. (7).
Substitute Eq. (10) into Eq. (9), we get: 
where Q is a symmetric positive definite matrix
Because H has negative eigenvalues, any symmetric positive definite matrix P can be chosen to give a unique solution Q satisfying the relationship:
So, Eq. (14) becomes:
To make V negative definite, we will need w .
So, it will be true that: The front of an airplane Figure 6 . Link Frame Assignment
Acceleration feedforward
The main objective of the motion control is to control the angle and angular velocity of the joints to a desired state by measurements of the angle and angular velocity only. For cancellation the disturbance due to motion of the airplane, a rate sensor is mounted on the base of the gimbal to measure base rate. The base rate will be transformed to LOS (line of sight) coordinate. The controller will compute command to reject this disturbance. By introducing an acceleration feedback, such effects can be caught at an earlier stage since the force disturbance is sensed directly. The gimbal consists of two revolute joints which powered by DC-motor. The camera is located on the center of the two axes as shown in Figure. 6. In order to describe the orientation of the gimbal, we will attach three coordinate systems to the gimbal. There are three coordinate frames needed to be defined are the gimbal base frame (B), the gimbal outer frame or Azimuth (A), and the gimbal inner frame or Elevation (E).
The base frame (B) fixed to the body of the carrier with its B X axis heading forward and R is the rotation matrix of the inner gimbal respect to the gimbal base frame. Consider unbalance mass system revolved around a central axis O, as shown in Figure 4 . The disturbance torque around the elevation axis E Y in the gimbal inner frame, which generated by the acceleration E a of the center of gravity of the inner gimbal, is expressed as
where E r is a displacement vector of the center of mass. Figure 7 shows the block diagram of the robust inverse dynamic control and acceleration feedforward. An inertial measurement sensor is added to detect vehicle angular rate and orientation for outer loop control and an accelerator is added to detect vehicle's linear acceleration. 
Experiment Result
In laboratory, the first experimental setup is shown in Figure 8 . The gimbal is hung freely on the trust frame. A gyro enhanced orientation sensor is mounted on the base of the gimbal. These experiments focus on the controller, only acceleration feedforward in the gimbal inner frame (elevation axis E Y ). The gimbal is shaken in the vertical direction. To demonstrate the performance of the controllers mentioned in this paper, the base of gimbal allows for a vertical motion with the amplitude of several centimeters while maintaining its LOS direction.
Figure 8. Environment Setup
First, the disturbance is added while the gimbal is moving to the new target. To test the tracking capability, the reference trajectory ,, dddis generated from the trapezoidal velocity profile or s-profile trajectory. A trapezoidal velocity profile is generated by setting traveling distance, maximum velocity, and maximum acceleration equal to 1 rad, 0.5 rad/sec, and 0.8 rad/sec2 respectively.
For the first experiment, the response of pitch angle for robust inverse dynamic control with acceleration feedforward are shown in Figure 9 -11. For the second experiment, the objective of the second experiment is to maintain the camera position in order to keep the target in the center of the camera image. In this experiment, the gimbal is set up into the mobile platform. It is mounted on the trust frame and hand truck. The video is recorded from the top floor on the building while the hand truck is push forward.
For selecting the target in the image, if the pixel position of the target is selected far from the center of frame, the system will take many times to move a tracked target to the center of frame. If the target is selected near the center of frame, the system will take approximately 1-2 seconds for a tracked car on the side of the frame to be moved to the centre. In the road sequence, the car is difficult to distinguish from the background. It moves rapidly and is small so the displacement of this target is rather large. The proposed algorithm successfully tracks the cars as can be seen in Figure 12 . The tracker can track the cars through occlusion because of the prediction of the Kalman filter and the pan-tilt camera can automatically follow the moving target. The targets were tracked 90% of the time successfully. Camera resolution is set to 640x480, image acquisition frame rate is 25 frames per second.
Conclusion
In this paper, we propose designed controllers to satisfy stabilization performance of a two-axis gimbal system. The robust inverse dynamic and acceleration feedforward can be used for trajectory tracking in the presence of dynamics uncertainties. Indirect stabilization and acceleration feedforward are reducing the jittering due to base rate disturbances. Unbalanced mass can also be compensated by acceleration feedforward action. By combining the CAMshift and Kalman Filter, the proposed algorithm enhances the robustness to occlusion and it can track the target accurately despite its shape and orientation change. The experiment results in the twoaxes gimbal is presented to verify the effectiveness of the proposed method in rejecting carrier disturbances. The controllers perform very effective for this system.
